. Strong pyroelectric effect can be generated around the ferroelectric-antiferroelectric (AFE)/paraelectric phase transition; therefore, such detectors should be operated near the phase transition temperature. Temperature stability is often a key concern for these pyroelectric ceramics. In addition, the pyroelectricity in these materials must be stabilized by a dc bias, which also limits the device performance. 1, 2 The other class is the conventional pyroelectric ceramics, such as Pb(Zr,Ti)O 3 (PZT) and PbMg 1/3 Nb 2/3 O 3 -PbTiO 3 (PMN-PT), with composition around the morphotropic phase boundary (MPB), such detectors can be operated well below the Curie temperature (T c ) using poled ferroelectric materials; the pyroelectric response of these materials is reversible and stable. 3, 4 Although this kind of detectors can be operated well below T c without a bias field, temperature stabilizers are required in practical applications, and these class of materials are mainly lead-containing compounds. With increasing environmental concerns, some countries already started to restrict the use of lead-containing materials. In recent years, intense research has been conducted in searching for lead-free pyroelectric materials to replace those widely used lead-containing materials. 5 Lead-free Bi 0.5 Na 0.5 TiO 3 (BNT) ceramic can form solid solution, which not only has a MPB similar to that of PZT but also has a ferroelectric-antiferroelectric phase transition around the depolarization temperature (T d $ 160 C for pure BNT); both are advantageous for improving pyroelectric performance. In other words, BNT-based solid solutions with MPB may have higher pyroelectric property in a wide temperature range from room temperature (RT) up to T d , according to the working principle of the two main classes of pyroelectric materials described above. Lead-free BNT-based solid solutions with MPB composition have been designed, synthesized, and characterized for piezoelectric applications and are considered to be one of the potential candidates to replace PZT piezoelectric ceramics. [6] [7] [8] [9] However, there is much less study on its pyroelectric property, 10, 11 especially, no reports in the literature regarding the role of T d on pyroelectric property up to date. Abe et al. 10 reported the pyroelectric property of MnO 2 doped BNT-0.06BaTiO 3 (BNBT-6) ceramics, and the pyroelectric coefficient p is 0.035 lC/cm 2 C at RT. Lau et al. Among the reported BNT-based systems, (1 À x)(Bi 0.5 Na 0.5 )TiO 3 -xBaTiO 3 (BNT-BT) with x ¼ 0.06-0.07 near the MPB has been well studied because of its improved electrical properties. However, Ba(Zr,Ti)O 3 ceramics with $5% Zr content has demonstrated better piezoelectric properties than that of BaTiO 3 . 12 Peng et al. also reported that adding BaZr 0.058 Ti 0.942 O 3 into BNT instead of BaTiO 3 improved piezoelectric properties. 13 In addition, the substitution of Zr dielectric permittivity, both are beneficial to improve pyroelectric property.
14 Therefore, We anticipate that BNT-Ba(Zr,Ti)O 3 ceramics may possess higher pyroelectric property than that of BNT-BT ceramics, yet no relevant work has been reported in the literature. In this work, (1Àx)Bi 0.5 Na 0.5 TiO 3 -xBaZr 0.055 Ti 0.945 O 3 (BNT-BZT) (x ¼ 0, 0.03, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, and 0.12) ceramics were prepared, and their crystal structure and pyroelectric property were investigated. In particular, the effects of both MPB and T d on pyroelectric behavior have been investigated systematically.
Reagent grade Bi 2 O 3 (!99.9%), Na 2 CO 3 (!99.8%), TiO 2 (!99.0%), BaCO 3 (!99.0%), and ZrO 2 (!99.0%) were used as the starting raw materials and (1Àx)BNT-xBZT ceramic specimens were prepared by two-step solid state reaction method. The precursors BNT and BZT were calcined at 820 C and 1200 C, respectively, for 2 h in air. Both calcined BNT and BZT powder were then mixed at specified proportion and sintered at 1130 C for 5 h in covered alumina crucibles. The crystal structure of the sintered ceramics was determined by x-ray diffraction (XRD) with a Cu Ka radiation.
Prior to electrical measurements, ceramic disks were ground to approximately 500 lm in thickness and polished to get smooth and parallel surfaces. After polishing, the surfaces of the disks were covered with a thin layer of silver paste and fired at 550 C for 30 min. The electrode specimens were poled in silicone oil at room temperature under a field of 5-7 kV/mm for 15 min. Temperature dependence of dielectric properties were measured on poled ceramics using a LCR meter (Agilent, E4980A) from RT to 250 C with frequencies varying from 1 kHz to 100 kHz. The pyroelectric current measurements were carried out by using a Keithley 4200SCS with a standard short circuit method as a function of temperature at a constant heating rate of 5 C/min. The sample temperature was controlled within 0.1 C. Figure 1 provides the XRD patterns of (1Àx)BNT-xBZT (0 x 0.12) ceramics. All samples exhibit typical characteristics of a single-phase perovskite structure. Detailed XRD patterns in the 2h range of 38 -48 are plotted in the inset of Fig. 1 . As can be seen from Fig. 1 , for compositions with x < 0.06, there is a shoulder located on the left of the (111) 
On the other hand, for composition with x < 0.06, there are no observable (200) peak splitting, indicating that samples with these compositions have a pure rhombohedral symmetry. When x > 0.09, (002) and (200) peaks appear simultaneously, as presented in the inset, demonstrating pure tetragonal symmetry. Based on the above XRD data, the x ¼ 0.06-0.09 ceramics have a mixture of rhombohedral and tetragonal phases, i.e., the rhombohedral-tetragonal MPB locates in the range of x ¼ 0.06-0.09.
For BNT-based ceramics, the depolarization temperature T d , which is well below the temperature of maximum permittivity T m , is the most important limiting temperature for a pyroelectric detector. Figure 2 shows the temperature-dependent of relative free permittivity e 33 T /e 0 and loss tangent tand of poled (1Àx)BNT-xBZT (0 x 0.12) ceramics from RT to 250 C, measured at 1 kHz. As shown in Fig. 2 , on the rhombohedral side, T d determined from the peak of loss tangent of poled samples shifts to higher temperature compared to pure BNT, but for composition near the MPB, T d shifts greatly to lower temperatures. On the tetragonal side, T d tends to increase with composition. For all investigated compositions, the relative free permittivity e 33
T /e 0 of poled samples showed very little frequency dispersion below T d , indicating that field-induced ferroelectric ordering occurred. Reorientation of ferroelectric domains induced by increasing temperature will contribute to pyroelectric effect. When the ceramic samples are heated to T d , AFE phase appears and the phase transformation from FE to AFE results in an abrupt change in polarization.
The temperature-dependent pyroelectric current densities J(T) of poled (1Àx)BNT-xBZT (0 x 0.12) ceramic samples are plotted in Figs. 3(a) and 3(b) . As shown in Fig. 3 , J(T) of all compositions shows a single sharp peak around the depolarization temperature T d in the whole investigated temperature range. This peak corresponds to the ferroelectric-antiferroelectric phase transition around T d for poled samples, at which most dipoles are reorientated so that significant pyroelectric current is released. The pyroelectric   FIG. 1 . XRD patterns of (1Àx)BNT-xBZT (0 x 0.12) ceramics.
FIG. 2. (a)-(d) Temperature dependence of the relative free permittivity e 33
T /e 0 and loss tangents tan d at 1 kHz in temperature range of RTÀ250 C for poled (1Àx)BNT-xBZT (0 x 0.12) ceramics. coefficient p is defined as the derivative of spontaneous polarization P r with respect to temperature T, as shown by [15] [16] [17] [18] [19] 
The value of P r is obtained by integration of the J(T) according to the following equation:
where J(T) is the pyroelectric current density, dT/dt is heating rate, and T 1 and T 2 are the lower and the upper temperatures, respectively. According to Eq. (2), temperaturedependent remnant polarization P r of the (1Àx)BNT-xBZT (0 x 0.12) ceramics has been calculated by integrating J(T) and shown in Figs. 3(c) and 3(d). For all compositions, P r decreases suddenly when the temperature reaches T d and almost disappears above T d , which is consistent with the result obtained by measuring the P-E hysteresis loops. The values of P r for all samples calculated by integrating J(T) from 30 C to 220 C are slightly less than the values obtained from P-E hysteresis loops measured at RT. The values of P r for the MPB composition of x ¼ 0.07 acquired by the two methods are 25.2 lC/cm 2 and 29.2 lC/cm 2 , respectively.
The pyroelectric coefficient p of (1Àx)BNT-xBZT (0 x 0.12) ceramics has been calculated from J(T) using Eq. (1) as a function of temperature. Figure 4 shows the composition-dependent pyroelectric coefficient p at RT and near T d for all ceramic samples. As we can see from Fig. 4 , the MPB compositions (x ¼ 0.06 and 0.07) display higher pyroelectric coefficient in a wide temperature range from RT to T d . The highest p value of $0.057 lC/cm 2 C at RT is achieved at x ¼ 0.07, which is about twice the value observed in pure BNT ceramics (0.029 lC/cm 2 C) and much higher than reported values of other lead-based and lead-free ceramics, as listed in Table I . 11, 20 The maximum pyroelectric coefficient p for x ¼ 0.06 and 0.07 are 2.67 lC/cm 2 C at 107 C ($T d ) and 2.21 lC/cm 2 C at 87 C ($T d ), respectively. These values are about 8 times higher than that of MnO 2 doped BNBT-6 and 13 times higher than that of BNKT-18 ceramics near 80 C ($T d ). 10, 21 The high pyroelectric coefficient of the MPB composition in a wide temperature range from RT to T d can be explained as the following: at lower temperatures, the pyroelectric coefficient mainly arises from ferroelectric domain reorientation and the MPB plays a positive role in improving the pyroelectric property. When the temperature increases from RT to T d , the effect of phase transition increases. At T d , antiferroelectric phase appears, in which the antiparallel dipoles neutralize each other leading to net zero polarization. Thus, the transformation from ferroelectric to antiferroelectric phases results in an abrupt change in polarization, which causes significant increase of the pyroelectric coefficient.
Pyroelectric figures of merit (FOMs), defined as Material/temperature p (lC/cm 2 C)
Ref. Table I . An important feature of high-performance pyroelectric materials in pyroelectric infrared detector applications is their applicability in a wide temperature range. Figure 5 shows the temperature dependence of p, F i , F v , and F d for BNT-BZT ceramics with x ¼ 0.07 in a temperature range from 35 to 50 C. Obviously, the values of p and FOMs of F i , F v and F d display remarkable increase with the increasing temperature, especially the value of p from 0.057 lC/cm 2 C at 35 C increases to 0.206 lC/cm 2 C at 50 C, which is attributed to the ferroelectric-antiferroelectric phase transition. For understanding the effect of Zr-substitution on the pyroelectric properties of BNT ceramics, the same parameters of BNT-0.07BT ceramics are shown in Figure 5 . As one can see that the substitution of Zr 4þ for Ti 4þ ion improved the pyroelectric properties, which may be explained from the viewpoint of lattice structure distortion. For the BNT-0.07BT/BZT, the c/a ratio can be a measure for the degree of distortion. The c/a value is 1.0124 for the BNT-0.07BZT ceramics, which is larger than 1.0071 for the BNT-0.07BT ceramics, i.e., the substitution of larger Zr 4þ (R Zr 4þ ¼ 0.72 Å ) for Ti 4þ (R Ti 4þ ¼ 0.605 Å ) enhances structural distortion. Therefore, the BNT-0.07BZT ceramic possesses superior pyroelectric properties.
In summary, (1Àx)BNT-xBZT with (0 x 0.12) ceramic samples were prepared, and their crystal structure and pyroelectric properties were studied in detail. The MPB between rhombohedral and tetragonal phases was determined to be in the range of x ¼ 0.06-0.09 by XRD. Compared with other lead-based/lead-free ceramics, the MPB composition ceramic with x ¼ 0.07 exhibits superior pyroelectric properties in a wide temperature range from RT to T d with pyroelectric coefficient of 0.059 lC/cm 2 C and the figures of merit of F i ¼ 203 pm/V, F v ¼ 0.022 m 2 /C, and F d ¼ 10.5 lPa À1/2 at room temperature and the highest pyroelectric coefficient of 2.21 lC/cm 2 C was obtained near T d . Both the MPB and ferroelectric-antiferroelectric phase transition play positive role in improving the pyroelectric properties. Our results indicate that the BNT-0.07BZT lead-free ceramic is a superior pyroelectric material, which opens the door for more sensitive environmental friendly temperature sensors and thermal imaging applications.
